Purpose: This study was undertaken to summarize the published data and to provide more robust estimates regarding the issue of core needle biopsy (CNB) for discriminating thyroid nodules with indeterminate fine-needle aspiration (FNA) results. Methods: The systematic review was conducted according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines. The sources comprised studies published through November 2017. Original articles that investigated CNB in indeterminate thyroid lesions were searched. A random-effects model was used for statistical pooling of the data. The I 2 index was used to quantify the heterogeneity among the studies. The Egger test was carried out to evaluate the possible presence of significant publication bias. Quality assessment of the studies was performed according to QUADAS-2. Results: A total of 205 articles were retrieved, seven were initially selected, and the data of five papers were ultimately pooled in a meta-analysis. The overall cancer rate was 34%. The rate of cancers correctly diagnosed by CNB was 83% (95% confidence interval [CI], 76 to 89), with neither heterogeneity (I 2 =25%) nor publication bias (Egger test, P=0.918). The rate of benign nodules correctly assessed by CNB was 84% (95% CI, 65 to 97), with significant heterogeneity (I 2 =93.4%) and publication bias (Egger test, P=0.016). Conclusion: Evidence was found that CNB can correctly diagnose the majority of nodules previously read as indeterminate on FNA.
Introduction
Fine-needle aspiration (FNA) cytology is a major tool used to evaluate thyroid nodules [1, 2] . However, a non-negligible portion of thyroid lesions that undergo FNA are read as indeterminate thyroid nodules, which represent the gray zone of cytology [3] . The monotonous cellular population Ultrasonography 37 (2) , April 2018 e-ultrasonography.org combined with scant or absent colloid, as observed in these thyroid cytologic samples, does not allow the discrimination of malignant and benign lesions [3] . In these cases, international guidelines [2, 4] recommend evaluating almost all patients through diagnostic surgery. In histologic analyses of surgical samples, the large majority (i.e., 70%-80%) of thyroid nodules with indeterminate FNA results is benign [5] ; therefore, the identification of parameters or features that could serve as potential markers of malignancy would be of great clinical value. Several molecular, cytologic, ultrasonographic, and clinical studies have investigated such parameters, with controversial findings [6] [7] [8] [9] [10] . Recently, some papers have reported that microhistologic examinations by core needle biopsy (CNB) can diagnose a large percentage of indeterminate thyroid nodules, and this technical approach has entered into use throughout the world [11] . Of particular importance in clinical practice, diagnostic surgery can be avoided in cases of thyroid nodules that are read as benign on CNB; in addition, a very low rate of minor complications from CNB has been recorded, with good comfort for patients [12] . More recently, the Task Force Committee of the Korean Society of Thyroid Radiology (KSThR) developed the first guidelines on CNB containing evidence-based recommendations [13] . To date, no strong evidence exists regarding the specific use of CNB in thyroid nodules cytologically classified as indeterminate. Thus, while some clinicians' guidelines have introduced CNB as a second-line biopsy technique in thyroid nodules with inadequate FNA reports [1] , the use of CNB in lesions with indeterminate cytology is still not recommended. The objective of the present study was to conduct a systematic review and meta-analysis of published data on the diagnostic performance of CNB as a second-line biopsy technique in patients with previous indeterminate thyroid nodules according to FNA cytology. Thereby, we aimed to provide more robust estimates regarding this issue.
Materials and Methods

Conduct of the Systematic Review
The present systematic review was conducted in accordance with the Preferred Reporting Items for Systematic Reviews and MetaAnalyses (PRISMA) guidelines [14] ; the PRISMA checklist can be found in the Supplementary Table 1 .
Search Strategy
A comprehensive computer-based literature search of the PubMed/ MEDLINE and Scopus databases was conducted. Initially, we aimed to identify the largest possible number of papers reporting the use of CNB in nodules with prior indeterminate cytology. Then, we searched for studies evaluating the accuracy of CNB in thyroid nodules, and the initial search algorithm comprised the following terms: thyroid, core, needle and biopsy, thyroid nodule (MeSH), and biopsy, large-core needle (MeSH). A beginning date limit was not used, the search extended through November 25, 2017, and no language restriction was used. To identify additional studies and expand our search, the references of the retrieved articles were also screened.
Study Selection
Original articles that investigated CNB in indeterminate thyroid nodules after FNA were eligible for inclusion. The main exclusion criteria were articles that did not provide clear study characteristics and reports with overlapping patient data. Importantly, all cases reported in the studies with no histologic follow-up were excluded. This table does not include the five excluded studies: four studies were excluded due to unclear data [27] [28] [29] [30] , while the study of Choi et al. [26] was excluded due to potential overlap of the period of enrollment (from October 2008 to July 2011) with that of another series [22] . FNA, fine-needle aspiration; Pro, prospective; AUS/FLUS, atypia of undetermined significance/follicular lesion of undetermined significance; Retro, retrospective; SIAPEC-IAP, Societá Italiana di Anatomia Patologica e Citologia diagnostica -Divisione Italiana della International Academy of Pathology (the Italian consensus for thyroid cytology classification); TIR 3, category 3 in the five-tiered system for FNA cytology. a) System adopted to classify thyroid nodules on initial cytology.
The two authors independently reviewed the titles and abstracts of the retrieved articles, applying the inclusion and exclusion criteria previously described. Then, the same two researchers independently reviewed the full text of the remaining articles to determine whether they were suitable for inclusion. Discordances were resolved by consensus between the authors.
Data Extraction
For each study that was included, information was extracted concerning the study itself (authors, year of publication, and country of origin), the number and gender of patients evaluated, the number of thyroid lesions with histologic follow-up, and the number and rate of cancers and benign neoplasms detected.
Statistical Analysis
The prevalence of histologically proven cancers among the series of indeterminate nodules was obtained from each study using the following formula: number of cancers/number of thyroid nodules×100. For statistical pooling of the data, the DerSimonian and Laird method (a random-effects model) [22] was used. In this model, pooled data represent weighted averages related to the sample size of the individual studies. Pooled data are presented with 95% confidence intervals (CIs) and displayed using a forest plot. The I 2 index was used to quantify the heterogeneity among the studies, and significant heterogeneity was defined as an I 2 value >50% [23] . The Egger test was carried out to evaluate the possible presence of significant publication bias [24] . Statistical analyses were performed using the StatsDirect statistical software (StatsDirect Ltd., Altrincham, UK). Quality assessment was performed by the two authors according to QUADAS-2 [25] .
Results
Eligible Articles
The comprehensive computer-based literature search yielded 235 articles, from which a review of titles and abstracts excluded 223 articles according to the above criteria. The full text of 12 articles eligible for the meta-analysis [15] [16] [17] [18] [19] [20] [21] [26] [27] [28] [29] [30] was retrieved. Of these, five articles were excluded for overlapping [26] or unclear data [27] [28] [29] [30] . Finally, seven studies reporting the use of CNB in thyroid nodules with previous indeterminate FNA results were initially selected for the systematic review, and then screened to validate their inclusion in the meta-analysis [15] [16] [17] [18] [19] [20] [21] . A flowchart of article selection is illustrated in Fig. 1 .
Qualitative Analysis
The included studies were published between 2011 and 2016. They were authored by researchers from Korea or Italy. Five papers were retrospective, and the other two had a prospective design. The classification systems for thyroid cytology adopted by the authors (i.e., the Bethesda reporting system [4] and the Italian consensus for thyroid cytology classification [31] ) were quite similar. Table 1 presents the main characteristics of the seven papers included in the review: overall, the studies included 1,187 nodules previously read as indeterminate on FNA, of which 582 had a histologic diagnosis. Of those 582 nodules, 214 were cancers. Fig. 1 . Flowchart of the search for published articles. Of the 235 papers initially found, 223 were excluded because they reported the use of core needle biopsy (CNB) in other contexts than indeterminate nodules (i.e., studies comparing the accuracy of CNB and fine-needle aspiration [FNA] in a series of patients with thyroid nodules with no prior FNA) or were case reports or review articles. Of the 12 studies determined to be eligible, four [27] [28] [29] [30] were excluded due to unclear data (i.e., no clear histologic outcomes), and one [26] was excluded due to potential overlap of the study period with enrollment in another series [18] . Various study designs were used in the seven papers. First, Park et al. [15] , in a prospective study, divided patients into three groups according to whether they underwent CNB (n=54), a second round of FNA (n=258), or diagnostic surgery (n=62); their main finding was that the second-FNA group had a higher rate of non-diagnostic reports (39%) than the CNB group. Another prospective study [16] selected a large series of atypia of undetermined significance/ follicular lesion of undetermined significance (AUS/FLUS) nodules to undergo CNB or repeat FNA, and the accuracy was 86% and 72%, respectively. Moreover, inconclusive diagnoses (non-diagnostic or AUS/FLUS) on CNB were less common than on repeat FNA (26.7% vs. 49.1%, respectively). A study by the authors of the present review [17] attempted to make a diagnosis by sampling the nodule's capsule, enabling the lesions to be classified as encapsulated or not. Due to this almost investigational design, many benign encapsulated nodules (i.e., follicular adenomas) needed diagnostic surgery. These results were confirmed by a recent study [21] . A paper [18] investigated the clinical usefulness of combined CNB results and BRAF (V600E) analysis, and no significant improvement was recorded compared to the use of CNB alone. Another study by Trimboli et al. [20] applied the most accurate immunohistochemical (IHC) markers of indeterminate cytology (i.e., galectin-3, HBME-1, and cytokeratin-19) to CNB samples; interestingly, the sensitivity and specificity of CNB increased from 79% to 100% and from 73% to 96%, respectively, by adding this IHC panel. Finally, Na et al. [19] enrolled a series of nodules with a prior AUS/FLUS assessment and performed both CNB and repeat FNA; the results showed higher diagnostic accuracy for CNB than for repeat FNA. Table 2 illustrates the quality assessment of the seven studies.
Quantitative Analysis (Meta-analysis)
Of the seven papers described above, two were excluded from the meta-analysis because they had experimental designs very different from the other studies [17, 21] , and the remaining five [15, 16, [18] [19] [20] , reporting 1,086 nodules of which 481 had a histologic diagnosis, were finally pooled (Table 3) .
At the final postoperative histologic assessment, the cancer rate among the pooled series of indeterminate thyroid nodules was 34% (95% CI, 19 to 50), ranging from 20% to 63%. This pooled finding showed heterogeneity (I 2 =92.4%; 95% CI, 85.4 to 95.2), with no publication bias (Egger: bias, -5.03; 95% CI, -48.63 to 38.57; P=0.738). The rate of the correct diagnosis of CNB was 86% (95% CI, 72 to 95), ranging from 74% to 100%. In this pooled analysis, we Values are presented as number (%). The performance of core needle biopsy (CNB) was only calculated in thyroid nodules with follow-up (see "Materials and Methods" section and The rate of histologically proven cancers correctly diagnosed by CNB was 83% (95% CI, 76 to 89), ranging from 78% to 100% (Fig.  2) . In this analysis, we did not find heterogeneity (I 2 =25%; 95% CI, 0 to 72.3) or publication bias (Egger: bias, 0.24; 95% CI, -6.66 to 7.14; P=0.918).
The percentage of nodules with benign post-surgical histology diagnosed correctly by CNB was 84% (95% CI, 65 to 97), ranging from 67% to 100% (Fig. 3) Fig. 3 . Forest plot of the reliability of core needle biopsy (CNB) in detecting benign lesions in thyroid nodules with indeterminate fine-needle aspiration results. The rate of benign nodules correctly assessed by CNB was 84% (95% confidence interval [CI], 65 to 97), with significant heterogeneity (I 2 =93.4%; 95% CI, 88.1 to 95.7) and publication bias (Egger: bias, -7.19; 95% CI, -11.84 to -2.54, P=0.016).
Reliability of CNB to detect benign thyroid nodules
Park et al. [15] 100 (92-100) Na et al. [16] 67 (50-81)
Choi et al. [18] 67 (57-76) Na et al. [19] 97 (90-100)
Trimboli et al. [20] 73 ( e-ultrasonography.org CNB reliability could be improved by evaluating the expression of galectin-3 and HBME-1 in microhistologic specimens. All in all, the accuracy of CNB seems to be satisfactory, even if some nodules may not be properly assessed and might still require diagnostic surgery. Future studies in which other clinical or histologic procedures, such as ultrasonography, 99m Tc-sestamibi scintigraphy, repeat FNA, and immunohistochemistry, are performed alongside CNB could yield information on ways to improve the accuracy of this new biopsy technique.
A relevant meta-analysis of the reliability of CNB in indeterminate thyroid nodules was published by Suh et al. [38] . Herein, we adopted a different search algorithm, so our results are not perfectly comparable to those obtained by Suh et al. [38] . Additionally, in that article, the results of CNB were grouped into the six categories of the Bethesda system, whereas we only considered malignant and benign outcomes. However, the high accuracy of CNB was demonstrated in both papers, and, notably, very low rates of inconclusive results and complications from CNB were reported by Suh et al. [38] .
To date, several protocols for using CNB in thyroid nodules have been described [39, 40] . As discussed above, some papers reported attempts to make a diagnosis by sampling the nodule's capsule [17, 21] . Other authors showed that CNB enabled a diagnosis to be obtained in thyroid nodules with specific features mimicking malignant lesions [41] . The current guidelines contain limited recommendations for thyroid CNB. The National Cancer Institute [42] , American Association of Clinical Endocrinologists/American College of Endocrinology/Associazione Medici Endocrinologi (AACE/ACE/ AME) [1] , and the KSThR [43] propose CNB for thyroid nodules with previous non-diagnostic FNA results. Additionally, the AACE/ACE/ AME [1] , British Thyroid Association [2] , and KSThR [43] suggest CNB for lymphoma, anaplastic carcinoma, medullary carcinoma, and metastasis to the thyroid. Remarkably, the rate of complications reported from thyroid CNB is very low [12, 38] . As a consequence, we feel that the present data strongly support the use of CNB in thyroid nodules with prior indeterminate FNA.
Some minor limitations of the present data should be discussed. The final number of nodules included in the meta-analysis (481 cases) is suboptimal; a larger number would be desirable. In our analysis, the rate of malignancy was in line with what one would expect in these indeterminate lesions, which could represent an indirect proof of the high quality of data in the present metaanalysis this discrepancy might reflect a minor bias in the initial selection of thyroid nodules for FNA performed by the authors of the studies we analyzed. Finally, the authors of the retrieved papers were from only two countries (Korea and Italy); other international experiences should extend these findings.
surgery, but benign findings are highly prevalent (i.e., up to 70%-80%) at postoperative histology [5] . Since 2011, a number of singlecenter studies have investigated the role of CNB in discriminating cancers from benign neoplasms among indeterminate thyroid nodules, and this approach has been reported to be accurate [11] . Despite these findings, CNB has not been recommended in international guidelines. Herein, we systematically reviewed the studies on this topic, retrieved seven relevant studies [15] [16] [17] [18] [19] [20] [21] , and conducted a meta-analysis of the results of five of those studies [15, 16, [18] [19] [20] . The cancer rate determined through postoperative histologic assessments was 34%, and 86% of indeterminate nodules could be correctly identified by CNB. In particular, 83% of cancers and 84% of benign lesions were correctly diagnosed on CNB samples before surgery, and the pooled results of the reliability of CNB for detecting cancers was free of heterogeneity and publication bias. In our analysis, the rate of malignancy was slightly above than that one would expect in these indeterminate lesions, which could represent an indirect proof of the high quality of data in the present meta-analysis. To date, several diagnostic tools and procedures have been investigated as predictors of malignancy/benignancy in thyroid nodules cytologically classified as indeterminate [5] [6] [7] [8] [9] [10] . Due to discordant results, the use of clinical, ultrasound, cytologic, molecular, or scintigraphic features has not been universally accepted as a preoperative diagnostic tool for these patients, and diagnostic surgery is still recommended in almost all cases [1, 2, 4] . In this context, the high sensitivity of CNB that we have demonstrated could become relevant in clinical practice because the chances of reducing unnecessary surgery are substantial [32] . In fact, a good/ excellent prognosis in patients with differentiated thyroid cancers with a preoperative indeterminate report has been recently shown by our group and in another study [33, 34] . The use of CNB in such patients might save up to one-third of surgical costs [35] .
Some differences in the study designs of the included papers were observed. Two studies [16, 20] conducted a second round of FNA alongside CNB in all patients. In both of those studies, the accuracy of the repeat FNA was lower than that of CNB. This agrees with the paper by Park et al. [15] , in which some patients underwent CNB and others a second round of FNA. Unfortunately, the authors of those studies did not analyze the potential improvements in accuracy that could be achieved by combining the two types of biopsy. The latter approach allowed relevant data to be obtained from thyroid nodules with prior inadequate (i.e., Thy 1/category I) FNA reports [36] . Two other reports [18, 20] evaluated the potential improvement furnished by adding the analysis of tumor markers; Choi et al. [18] reported that BRAF analysis did not significantly increase the accuracy of CNB, in agreement with recent data from the literature [37] . On the contrary, a study [20] showed that
The present meta-analysis presents evidence that CNB can correctly diagnose most nodules previously read as indeterminate on FNA. These findings should be considered for the management of such patients. Performing other procedures (i.e., clinical or histologic) alongside CNB might significantly increase the reliability of this biopsy technique, and this possibility should be investigated in future studies.
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